The SuperTIGER (Trans-Iron Galactic Element Recorder) experiment was launched on a longduration balloon flight from Williams Field, Antarctica, on December 8, 2012. SuperTIGER flew for a total of 55 days at a mean atmospheric depth of 4.4 g/cm 2 . The instrument measured the abundances of galactic cosmic rays in the charge (Z) range Z ≥ 10 with excellent charge resolution, displaying well resolved individual element peaks for 10 ≤ Z ≤ 40. SuperTIGER collected ∼ 3.95 × 10 6 Iron nuclei, ∼ 7.1 times as many as detected by TIGER. We will present details of the data analysis techniques and the elemental abundances in the range 30 ≤ Z ≤ 40. The data presented contain more than 600 events in this charge range, with charge resolution at 26 Fe of < 0.18 cu. Our measured abundances are generally consistent with those measured by TIGER and ACE. Our results confirm the earlier results from TIGER, supporting a model of cosmic-ray origin in OB associations, with preferential acceleration of refractory elements over volatile elements.
Introduction
The SuperTIGER (Trans-Iron Galactic Element Recorder) instrument is a large-area, balloonborne instrument developed to measure the elemental abundances of Galactic Cosmic Ray (GCR) nuclei from Neon (atomic number Z = 10) to Zirconium (Z = 40) with individual-element charge resolution and high statistical precision. SuperTIGER builds on the heritage of the successful TIGER experiment, which flew two Antarctic long-duration balloon missions in 2001 and 2003. SuperTIGER was launched from Williams Field, Antarctica, on December 8, 2012 , and flew for 55 days at a mean atmospheric depth of 4.4 g/cm 2 . During the flight, SuperTIGER collected over 600 events in the charge range 30 < Z ≤ 40 with well-defined single-element peaks.
The SuperTIGER Instrument consists of two nearly-identical modules, each consisting of a suite of seven detectors. Three scintillation detectors measure the differential energy loss, dE dX , within the instrument; two scintillating fiber hodoscopes measure particle trajectory; and two Cherenkov detectors are used to measure Cherenkov emission. From top to bottom, each module consists of a top scintillator detector (S1), the top hodoscope plane (HT or H1), the Aerogel Cherenkov detector (C0), the Acrylic Cherenkov detector (C1), another scintillator detector (S2), the bottom hodoscope plane (HB or H2), and the bottom scintillator detector (S3). The acrylic Cherenkov (C1) radiators have an index of refraction n = 1.49, while the Aerogel detectors (C0) have radiation with either n = 1.04 (for 3 out of 4 half modules of the instrument) or n = 1.025 (for the remaining half module). These indices correspond to energy thresholds of 300 MeV/nucleon for C1, and 2.5 GeV/nucleon and 3.3 GeV/nucleon, respectively, for C0. Photomultiplier Tubes (PMTs) were used to measure the light output of GCR nuclei within each detector, and the PMT signals were read out with a custom electronics suite. More information on the SuperTIGER instrument can be found in [1] . In these proceedings, more information on the instrument and data analysis can be found in [2] and [3] .
Scientific Background
Previous results from ACE/CRIS [4] and TIGER [5] imply a GCR source consisting of a mix of ∼ 80% normal interstellar material with Solar System chemical abundances, and ∼ 20% enriched material from the ejecta from Wolf-Rayet star stellar winds and material created in previous supernovae. These results support the OB association model of GCR origins. TIGER had excellent charge resolution, but had limited statistics at higher charges. TIGER results further emphasized that GCRs originate in the core of superbubbles and that the GCR acceleration process favors elements found in interstellar dust grains (refractory elements) over those found in a gaseous state (volatile elements). This observation fits with the model developed by Meyer, Drury, and [6] , where these dust grains accumulate a small surface electrical charge, and therefore a very high rigidity (compared with ionized gas), which allows for their efficient acceleration by supernova shocks. Through collisions with atoms in the local interstellar medium, some atoms are sputtered off the grains and injected into the CR accelerator suprathermally. Volatile elements, found in interstellar gasses, do not have the benefit of this suprathermal injection. For these volatile atoms, Ellison, Drury, and [7] suggest a rigidity-based acceleration model that is related to the element's mass (A) to ionized charge (Q) ratio. However, no such mass-dependent
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SuperTIGER Ultra-Heavy GCR Abundances R. P. Murphy trend is predicted for the refractory elements. When comparing measured GCR source abundances to the mix of Solar System material and massive star outflow, TIGER results clearly show this mass-dependent trend for the volatile elements [5] but also seemed to show a mass-dependent trend among the refractory elements, which was not predicted by Ellison, Drury, and Meyer's model. However, more massive refractory elements such as 38 Sr had limited statistics in the TIGER data set. To further test this model, a larger dataset with increased statistics was necessary. The primary scientific goals of the SuperTIGER experiment were to measure the abundances of GCR in the charge range 10 ≤ Z ≤ 40 with high statistical accuracy and individual element resolution and to make exploratory measurements of GCR abundances up to 56 Ba. These measurements will enable us to further test the OB association model of GCR origins and models of GCR acceleration.
Data Analysis Techniques
Two complementary techniques were used to assign a charge Z to SuperTIGER data events. At low energies (above the C1 threshold of ∼ 300 MeV/nucleon but below the C0 threshold of 2.5 GeV/Nucleon or 3.3 GeV/Nucleon, depending on the half-module the event went through), the charge is determined using a combination of signals from the top two layers of scintillator detectors (S1 and S2) and the Acrylic (C1) Cherenkov detector. At energies above the C0 threshold, the charge is determined with a combination of the C1 and Aerogel (C0) detector signals. Before either technique was applied, a mapping correction was applied to the data to remove the effects of position-and angle-dependent differences in detector response. A series of interaction cuts (which required agreement in the signal between various detectors) was also applied to reject events which interacted within the active area of instrument. The SuperTIGER data were divided into two data sets, a high energy (Above C0) set and low energy (Below C0) set, as described above, and each data set was analyzed separately.
Below C0
At low energies, plotting the scintillator signal against the signal from the Acrylic (C1) Cherenkov detector gives clearly defined and separated charge bands, as shown in Figure 1 (left, above). Assigning charge to the Below C0 data set depends on finding a model of the response of the scintillator light output to higher charges. The SuperTIGER Scintillator Detectors provide a measurement of the amount of light emitted by the radiator as a function of the path length traversed by the ionizing particle, dL dx . The radiator of each scintillator is comprised of a base material, with a small amount of primary and secondary dyes. In an ideal scintillator, the amount of scintillation light produced will be proportional to the energy loss given by the Bethe-Bloch equation, which is proportional to Z 2 where Z is the charge of the particle. However, when a particle deposits a large amount of energy in a small volume of the scintillator, saturation occurs. This means that the actual energy converted to light as a function of path length ( dL dx ) is a fraction of the stopping power ( dE dx ) that decreases with increasing density of ionization.
The model first proposed by Voltz et al. [8] was found to be the best fit to the SuperTIGER scintillators after numerous models were tried. The Voltz model was also found to be the best fit for the TIGER scintillator detectors and was used in the TIGER analysis. In the Voltz model, the areas of light emission are broken up into a "core" of material near the path of the particle and
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SuperTIGER Ultra-Heavy GCR Abundances R. P. Murphy a "halo" area further away from the core, which behaves differently. This model is given in the mathematical treatment of Ahlen et al. [9] as:
Here, A S is an arbitrary scaling parameter, dE dx is the energy loss calculated from the Bethe-Bloch formula, B S is a parameter describing the quenching behavior, and F S is the fraction of total dE dx that escapes via knock-on electrons from the core into the halo region. To fit the Voltz model to the SuperTIGER data, we first fit curves of constant charge to each of the well-separated contours shown in Figure 1 . We then found curves on the plot of constant (C1/Z 2 ). (C1/Z 2 ) is a function of the energy of the incident particle. In this case, we used the simple approximation that Z ∼ S (1/1.7) , where S is the signal from the scintillator detector. This approximation was sufficient to ensure that each line of constant (C1/Z 2 ) represented a roughly constant "energy". We then found the intersection of these lines of constant "energy" with the lines of constant charge in order to model the scintillator response as a function of charge Z. This process was repeated for both the S1 and S2 scintillator detectors in each of 30 angle bins.
Using lines of nearly constant "energy" allowed us to use the energy-independent form of Equation 3.1, where dE dx → C BB Z 2 (C BB is a constant from the Bethe-Bloch equation, with A ab and Z ab the Atomic Mass and Number of the target medium) and the equation can be written into a Z 2 term and a term that describes the energy losses not detected by the detector.
SuperTIGER Ultra-Heavy GCR Abundances R. P. Murphy where:
e m e c 2 Z ab A ab β 2 ln
Each line of constant "energy" therefore gave 3 parameters, A, B, and C. We then plotted the value of each parameter as a function of (C1/Z 2 ) and fit a fourth-order polynomial to model the energy dependence of the parameters. This fit procedure was repeated in each of 30 angle bins. For an event with an arbitrary "energy" (which depends on C1 and S signal) and angle, we were then able to assign a unique set of parameters A, B and C to Equation 3.2, and solve for the charge Z. This method was used on both the S1 and S2 scintillators to assign charge. The S3 signal helped identify and reject nuclei that interacted in the instrument, but is not used to measure charge. However, the Voltz model is not a perfect fit to the SuperTIGER scintillator response, and while the method described above gave well-defined, well-separated peaks in a charge histogram, the peaks were not always aligned at integer values of Z. Therefore, a slight charge-dependent shift was assigned to both the S1 and S2 charges to ensure that the histogram peaks lined up, and then the final charge Z for the Below C0 method was calculated as the average of the S1 and S2 charges.
Above C0
For events with energy above the C0 threshold (2.5 GeV/Nucleon or 3.3 GeV/Nucleon, depending on the half-module the event went through), the charge is assigned using the Aerogel (C0) and Acrylic (C1) Cherenkov signals. Figure 2 shows that plotting these two signals against each other gives well-defined, well-separated charge bands. The signal from the Cherenkov detectors is given by:
where K is some constant unique to each detector and n is the index of refraction of the Cherenkov radiator. Assuming a negligible energy loss between these two adjacent detectors (β C0 = β C1 ), we
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SuperTIGER Ultra-Heavy GCR Abundances R. P. Murphy are left with two measured values (the C1 and C0 signals) to find two unknowns (Z and β ). In each of 30 angle bins, we isolated the 26 Fe charge band on the C1 vs C0 cross plot, and then broke this up into 30 bins with different C1 values with roughly equal numbers of 26 Fe events. We then found typical values of C0 0.5 /26 and C1 0.5 /26 for each bin, plotted these against each other, and fit this plot with a quadratic function. This factored out the Z 2 dependence of the Cherenkov detector, allowing us to find the β dependence. We then applied this β correction to the data, and assigned a charge. A further velocity correction was then applied to ensure that the 26 Fe peaks in various energy bins were aligned. Similar to the Below C0 data, we then added a small charge-dependent correction factor to ensure that the well-defined, well-separated peaks this method gave us lined up with integer values of Z in the charge histogram.
Ultra Heavy Abundances
The charge Z assigned to each event by either the Below-or Above-C0 methods was then placed into a combined histogram, shown in Figures 3 and 4 . For events with Z < 33, this histogram was fit with a multi-peaked gaussian fitting routine initially developed for ACE/CRIS and used for TIGER analysis [10] . For Z ≥ 33 we simply counted the number of events in each of the welldefined peaks evident in Figure 4 . For elements with Z > 29, we used a less restrictive interaction cut to increase statistics.
After determining the number of nuclei of each element observed within the SuperTIGER instrument, we then corrected for interactions within the instrument using interaction mean free paths for each Z (from [13] and [14] ), and the appropriate path length within the instrument for each of the types of material that make up the SuperTIGER detector. We used this simple assumption since our interaction cuts eliminate those events that interact and change charge within the detector. We then determined the Top-of-Instrument abundances, normalized to 26 Fe=1. The uncertainties assigned to each abundance are statistical. For elements with N ≥ 100, we simply assigned a √ N uncertainty. For elements with N < 100, we used the upper and lower limits calculated by Gehrels (1986) [15] .
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SuperTIGER Ultra-Heavy GCR Abundances R. P. Murphy Figure 5 : Comparison of SuperTIGER Top-of-Atmosphere abundances with space abundances from ACE/CRIS [11] and HEAO-C3 [12] , and top-of-atmosphere abundances from TIGER [5] . SuperTIGER error bars are statistical only.
Using the same atmospheric propagation method and code as used on TIGER, we then calculated the relative abundances of each element at the top of the atmosphere. Figure 5 shows how the SuperTIGER data (again, with purely statistical error bars) compares to Solar System abundances from Lodders [16] and GCR space abundances observed by HEAO-C3, ACE/CRIS, and top-of-atmosphere abundances from TIGER. The SuperTIGER abundances are not inconsistent with previous measurements, and the improved statistics represent a major improvement.
To get a preliminary look at the GCR source abundances, we took these Top-of-Atmosphere abundances and assumed the same GCR source to Top-of-Atmosphere abundance ratio that was calculated for the TIGER data (from Rauch et al. [5] ). Figure 6 shows the calculated preliminary GCR source compared to an 80/20 mix of material with Solar System abundances and massive star outflow, along with the TIGER data points. The error bars are still statistical only, so uncertainties in the propagation have not been taken into account. A proper propagation calculation is planned for the near future. The mass-dependent trends in both the volatile and refractory elements remains, with smaller error bars in particular on the refractory 38 Sr point. We also plan to include a 40 Zr point on the plot in the near future, which will add another high-mass refractory point.
Conclusion
The SuperTIGER instrument has measured the largest dataset with single-element resolution in the range 30 ≤ Z ≤ 40 to date. Preliminary analysis of the over 600 events in the range 30 < Z ≤ 40 shows that the GCR space and source abundances are consistent with previous observations with significantly increased statistics. Ongoing analysis will provide an important test of the OB association origin of GCR origins and the Volatility model of GCR acceleration. A second SuperTIGER flight is planned and will provide further statistics and tests of GCR origins.
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SuperTIGER Ultra-Heavy GCR Abundances R. P. Murphy Figure 6 : Comparison of SuperTIGER refractory and volatile element GCR source abundances with HEAO and TIGER and predicted GCR source material. SuperTIGER error bars are statistical errors only. SuperTIGER points are slightly offset from TIGER points for clarity. This is an updated version of the plot in [5] .
